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INTRODUCTION 

The inc reased  demand f o r  g a s o l i n e  and h e a t i n g  o i l  i n  r e c e n t  yea r s  
coupled wi th  t h e  p r o g r e s s i v e l y  h e a v i e r  n a t u r e  of a v a i l a b l e  f eeds tocks  has  pu t  a 
premium on e f f i c i e n t ,  low c o s t  p rocesses  t o  conve r t  residuum i n t o  l i g h t e r  
p roduc t s .  T r a d i t i o n a l l y ,  t h e  p rocess  of cho ice  has  been coking wherein higher  
molecular  weight  s p e c i e s  a r e  converted t o  l i g h t e r  ones by thermal  decomposition 
a t  e l e v a t e d  temperatures .  Coking may be done i n  e i t h e r  t h e  delayed mode which 
i s  a semi-continuous p rocess  o r  i n  t h e  f l u i d  mode which is f u l l y  cont inuous.  
F l u i d  coking r e s u l t s  i n  h i g h e r  g a s  and gas  o i l  y i e l d s ,  lower coke product ion and 
a h ighe r  oc t ane  number f o r  t h e  naphtha f r a c t i o n  than  delayed coking and is  
t h e r e f o r e  t h e  p r e f e r r e d  p rocess  t o  meet c u r r e n t  f u e l  demands. Recent i n t roduc -  
t i o n  of Exxon's FLEXICOKING p r o c e s s  has  made t h i s  op t ion  even more a t t r a c t i v e .  
FLEXICOKING d i f f e r s  from conven t iona l  f l u i d  coking i n  t h a t  some of t h e  coke i s  
g a s i f i e d  a t  ?.1800°F t o  produce low BTU f u e l  gas and has  been shown commercially 
t o  produce more naphtha and l e s s  heavy gas o i l  t han  conven t iona l  f l u i d  cokers .  

Desp i t e  t h e s e  advances,  t h e r e  i s  s t i l l  a need t o  i n c r e a s e  t h e  y i e l d  of  
d e s i r a b l e  l i q u i d s  from coke r s .  T h i s ,  however, imp l i e s  an  a l t e r a t i o n  of t h e  
b a s i c  f r e e  r a d i c a l  pathways by which residuum molecules decompose -- pathways 
which p r e s e n t l y  a r e  a t  b e s t  poor ly  understood.  I n  a d d i t i o n ,  a t t empt s  t o  ga in  
k i n e t i c  and mechan i s t i c  i n s i g h t  i n t o  t h e  thermal  r e a c t i o n s  involved i n  residuum 
conversion a r e  always hampered by t h e  complexity of t h e  f eed .  The o b j e c t i v e s  of 
t h i s  s tudy  were t h e r e f o r e  t o  (1) determine t h e  coking k i n e t i c s  of a feed of 
commercial i n t e r e s t  (Arab Heavy vacuum residuum) and (2 )  a t t empt  t o  s i m p l i f y  t h e  
o v e r a l l  coking k i n e t i c s  by f i r s t  s e p a r a t i n g  t h i s  feed i n t o  s u b f r a c t i o n s  and 
s tudy ing  each o f  t h e s e  i n d i v i d u a l l y .  The experimental  t echn ique  used i n  t h i s  
work was thermogravimetr ic  a n a l y s i s  ope ra t ed  i n  t h e  nonisothermal  mode and was 
s i m i l a r  t o  t h a t  used by o t h e r s  I1-5; f o r  a n a l y s i s  of polymers and o i l  s h a l e .  
The emphasis o f  t h i s  s tudy  was on t h e  coking k i n e t i c s  o f  t h e  whole residuum and 
i t s  s u b f r a c t i o n s  i n  c o n t r a s t  t o  r e c e n t l y  pub l i shed  work [6]  which focused on t h e  
mechan i s t i c  a s p e c t s  of only the a s p h a l t e n e  f r a c t i o n .  

EXPERIMENTAL 

The instrument  of cho ice  f o r  t h i s  s tudy  was t h e  Cahn 113 thermogravi- 
m e t r i c  ana lyze r  ( see  F igu re  1 ) .  A t  t h e  h e a r t  o f  t h e  system i s  t h e  Cahn 2000 
r eco rd ing  e l e c t r o b a l a n c e  which has  a s e n s i t i v i t y  0.1pg and a c a p a c i t y  o f  1 .0  
gram. The sample t o  be analyzed is  suspended from t h e  ba l ance  i n  a plat inum pan 
by a nichrome hangdown wire i n s i d e  a q u a r t z  hangdown tube.  The e x t e r n a l  s p l i t  
s h e l l  furnace ope ra t e s  from 100°C t o  1100°C and i s  c o n t r o l l e d  by microprocessor  
t empera tu re  programmer capab le  of execu t ing  40 i n d i v i d u a l  programming s t e p s .  
Programming of t h e  temperature  c o n t r o l l e r  (a t h r e e  mode d i g i t a l  dev ice )  provides  
f o r  automatic  v a r i a t i o n  i n  g a i n ,  r e s e t  and r a t e  d u r i n g  o p e r a t i o n  and i n s u r e s  an 
extremely l i n e a r  h e a t i n g  r a t e  up t o  2.100°C/min. The a b i l i t y  t o  measure t h e  r a t e  
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of weight l o s s  i s  enhanced by t h e  a d d i t i o n  of a time d e r i v a t i v e  computer b u i l t  
i n t o  t h e  system which cont inuous ly  monitors and p l o t s  t h e  r a t e  of weight change. 

I n  a t y p i c a l  t ga  experiment approximate ly  20 mg of  sample was p laced  
i n t o  t h e  platinum d i s h  which was i n  t u r n  suspended from t h e  ba l ance .  The g l a s s -  
ware was then assembled and t h e  system was pumped down t o  2.0.1 t o r r ,  b a c k f i l l e d  
wi th  dry  n i t rogen  and a cons t an t  purge of 38 cc/min helium was passed through 
t h e  system. The sample was then  weighed t o  determine i t s  i n i t i a l  weight t o  
0.Olmg. The temperature program cons i s t ed  of ramping from room tempera ture  t o  
loo°C i n  5 minutes,  ho ld ing  a t  100°C f o r  10 minutes ,  ramping from 100°C t o  5 2 5 O C  
a t  t h e  des i r ed  hea t ing  r a t e  and hold ing  a t  525OC f o r  30 minutes .  A t  t h i s  p o i n t  
a blend of 80% He/20% O2 was in t roduced  i n t o  t h e  system a t  %75cc/min. and the  
temperature was ramped t o  7OOOC i n  20 minutes t o  burn o f f  t h e  coke. Organic 
m a t e r i a l  ba lances  obta ined  i n  t h i s  manner ranged from 99.5%-100%. The k i n e t i c  
equat ions  used t o  eva lua te  r a t e  parameters a r e  shown i n  F igu re  2 .  

Arab Heavy vacuum residuum wi th  a nominal c u t p o i n t  of 1050OF (565°C) 
was used a s  t h e  feed i n  t h i s  s tudy .  A p o r t i o n  of t h i s  feed  was deasphal ted  with 
n-heptane; and t h e  maltene ( o r  n-heptane s o l u b l e  f r a c t i o n )  was then  sepa ra t ed  
i n t o  r e s i n s  and o i l s  on At tapulgus  c l ay  (71.  The o i l s  were f u r t h e r  separa ted  
i n t o  a romat ics  and s a t u r a t e s  by t h e  method of Drushel [ 8 ]  a s  shown i n  F igu re  3 .  
Analyses of t h e  whole residuum and the  r e s u l t i n g  fou r  s u b f r a c t i o n s  a r e  shown i n  
Table 1. 

RESULTS AND DISCUSSION 

Nonisothermal k i n e t i c  experiments were c a r r i e d  o u t  thermogravimetri-  
c a l l y  a t  hea t ing  r a t e s  of 1°C/min t o  20°C/min. Typ ica l  thermograms f o r  t h e  
whole feed and each of i t s  f r a c t i o n s  a t  a 10°C/min h e a t i n g  r a t e  a r e  shown i n  
F igu re  4 .  A s  can be seen ,  t h e  a spha l t enes  produce t h e  l e a s t  v o l a t i l e s  (47.5%) 
followed by t h e  p o l a r  a romat ics  (82.4%), aromat ics  (98.6%) and t h e  s a t u r a t e s  
(99.8%). Weighting of each of t hese  curves  by t h e  amount of  t h a t  f r a c t i o n  
sepa ra t ed  from t h e  i n i t i a l  feed  and summing each of t h e i r  c o n t r i b u t i o n s  produced 
a curve which was very  s i m i l a r  t o  t h a t  of t h e  whole residuum. 

The a spha l t ene  thermograms were then  ana lyzed  t o  determine t h e  r a t e s  
of  v o l a t i l i z a t i o n  a t  va r ious  l e v e l s  of v o l a t i l e  format ion  (V/V ) .  These da t a  
were p l o t t e d  according t o  equat ion  4 (F igure  2) and t h e  r e s u l t i n z A r r h e n i u s  p l o t  
i s  shown i n  F igure  5 .  I n  agreement wi th  theo ry ,  we f i n d  s t r a i g h t  l i n e s  whose 
s l o p e s  can be used t o  de te rmine  a c t i v a t i o n  ene rg ie s  f o r  va r ious  s t a g e s  of  
a spha l t ene  r e a c t i o n .  In  c o n t r a s t  t o  t h e  o i l  s h a l e  work of Shih  ( 5 1  who found 
a l l  of h i s  l i n e s  t o  be of e s s e n t i a l l y  equal  s l o p e ,  we observe  a gradual i nc rease  
i n  s lope  (and t h e r e f o r e  t h e  a c t i v a t i o n  energy) a s  a func t ion  of r e a c t i o n ,  
sugges t ing  a change i n  mechanism, chemistry o r  bo th  a s  a func t ion  of conversion. 
S i m i l a r  p l o t s  f o r  t h e  p o l a r  a romat ic ,  a romat ic  and s a t u r a t e  f r a c t i o n s  a s  wel l  a s  
t h e  whole residuum a r e  shown i n  F igures  6-9 and a summary of t h e  der ived  
a c t i v a t i o n  ene rg ie s  a s  a func t ion  of convers ion  f o r  a l l  of t h e s e  f r a c t i o n s  i s  
g iven  i n  Table 2.  

I t  i s  i n t e r e s t i n g  t o  note  t h a t  whi le  a c t i v a t i o n  ene rg ie s  f o r  each of 
t h e  f r a c t i o n s  tend  t o  i n c r e a s e  wi th  convers ion ,  on ly  t h e  a spha l t enes  e x h i b i t  
such  a wide range. I t  i s  a l s o  i n t e r e s t i n g  t h a t  t h e  s a t u r a t e s  e x h i b i t  a 
gene ra l ly  h igher  l e v e l  of  a c t i v a t i o n  ene rg ie s  even though they  r e a c t  more 
qu ick ly  than  any o t h e r  f r a c t i o n .  F i n a l l y ,  we no te  t h a t  t h e  whole residuum seems 
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to mimic the sum of its parts in that it exhibits fairly low activation energies 
at low conversions, but has a broad range showing the asphaltene influence at 
higher conversions. 

CONCLUSIONS 

We have found that the kinetics of thermal decomposition reactions of 
a vacuum residuum can be effectively determined by nonisothermal thermogravi- 
metric analysis. Furthermore, separation of the residuum into subfractions 
before such analysis provides kinetic insight into the behavior of molecules of 
varying size and chemical composition. Significantly, our results have shown 
that the activation energies for the coking reactions of all components of the 
residuum increase with conversion. This suggests that attempts to model 
residuum coking kinetics using a single activation energy would produce incor- 
rect results; and that it would be more appropriate to use a distribution of 
activation energies such as that used by Anthony and Howard 191 in coal 
pyrolysis experiments. 
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Table 1 

Chemical  Analyses of  Fract ions o f  Arab Heavy Vacuum Residuum 

WHOLE n-C, POLAR 
RESID ASPHALTENES AROMATICS AROMATICS SATURATES - - - _ _ _ -  FRACTION 

wI.% 100.0 23.9 60.3 10.4 5 .4  

C (UT .%)  83.13 82.65 82.65 84.92 84.93 
H (WT.%)  9.79 7.91 9.92 11.91 13.76 
0 (UT.%) 0.58 0.88 
N (WT.%) 0.68 1.18 0.56 c0.3 <o. 3 
5 (UT.%) 5.71 7.51 5.45 2.41 0.016 

(H/C)AT 1 . 4 1  1.15 1 . 4 4  1.68 1.94 

in (TOL. ,  50°C) 1.2500 %7500 ~ 1 9 0 0  1.900 1.900 

C,, (MOLE %) - 48.4 39.7 35.4 

T a b l e  2 

f o r  A r a b  H e a v y  V a c u u m  R e s i d u u m  a n d  F r a c t i o n s  

C a l c u l a t e d  A c t i v a t i o n  E n e r g i e s  

F R A C T I O N  OF A C T I V A T I O N  ENERGY ( K C A L / M O L E )  
TOTAL V O L A T I L E S  __ ASPH. A R O M A T I C S  SATURATES WHOLE R E S I D  

0.2 4 2 . 1  37.6 36 .3  40.4 36 .8  

0.4 4 3 . 2  37 .9  41 .3  38 .7  42.9 

0.6 51 .0  4 0 . 0  44 .3  44 .6  45 .9  

0.8 67.2 43 .5  43.6 51 .7  49 .9  

0.9 80.5 45 .6  46.8 5 2 . 9  60 .5  
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F igure  1. Schemat ic  o f  Thermograv i rne t r i c  Analysis System 
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- :i = (1-a)kA 

_ _  1 dV = - E / R T  (1-V/V0) 
Vo d t  koe 

( 2 )  

( 3 )  

I n  (1 fi) = I n  ko + I n  ( l -V/Vo)  - E/RT ( 4 )  
Vo  d t  

Figure 2. Kinetic Mode l  Used in  Coking Study 
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Figure 3 .  Residuum Separa t ion  S c h e m e  
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Figure  4. Volat i le Evo lu t ion  f r o m  Arab Heavy Vacuum Residuum 
and Frac t ions  at Heat ing  R a t e  o f  1 0 " C / m i n  
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F igure 5. Ar rhen ius  Plot  for Asphal tene F r a c t i o n  
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F igure 6. Ar rhen ius  Plot for  Polar Aromat ic  Frac t ion  
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Figure 7.  Arrhenius Plot  f o r  Aromat ic  Fract ion 
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F igure  8.  Arrhenius Plot  f o r  S a t u r a t e  Fract ion 
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F igure  9. Arrhen ius  P lo t  for Whole  Resid 
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